To maintain the integrity of the vascular barrier, endothelial cells (EC) are resistant to cell death. The molecular basis of this resistance may be explained by the function of antiapoptotic genes such as bcl family members. Overexpression of Bcl-2 or Bcl-X L protects EC from tumor necrosis factor (TNF)-mediated apoptosis. In addition, Bcl-2 or Bcl-X L inhibits activation of NF-κB and thus upregulation of proinflammatory genes. Bcl-2-mediated inhibition of NF-κB in EC occurs upstream of IκBα degradation without affecting p65-mediated transactivation. Overexpression of bcl genes in EC does not affect other transcription factors. Using deletion mutants of Bcl-2, the NF-κB inhibitory function of Bcl-2 was mapped to bcl homology domains BH2 and BH4, whereas all BH domains were required for the antiapoptotic function. These data suggest that Bcl-2 and Bcl-X L belong to a cytoprotective response that counteracts proapoptotic and proinflammatory insults and restores the physiological anti-inflammatory phenotype to the EC. By inhibiting NF-κB without sensitizing the cells (as with IκBα) to TNF-mediated apoptosis, Bcl-2 and Bcl-X L are prime candidates for genetic engineering of EC in pathological conditions where EC loss and unfettered activation are undesirable.
Introduction
Under physiological conditions, vascular endothelium is a multifunctional anticoagulant and anti-inflammatory barrier (1, 2) . The endothelial interface can dynamically modify its phenotype (EC activation), to evoke an inflammatory environment in response to a variety of pathophysiological stimuli, including endotoxin, proinflammatory cytokines, and immunological insults such as those associated with graft rejection and autoimmunity (2) (3) (4) . Acquisition by EC of this activated phenotype has been thoroughly analyzed in the literature and implicates the de novo expression of genes such as those encoding for adhesion molecules (E-selectin), chemokines (interleukin-8 ), and procoagulant factors (tissue factor [TF] ). The induction of most of these genes is regulated by a key transcription factor: NF-κB (5, 6) . In most circumstances, EC resist the damaging potential associated with this proinflammatory environment and revert to their original quiescent phenotype. More recently, analysis of gene expression in EC of long-term surviving hamster to rat heart xenograft revealed the potential of EC to acquire a novel phenotype by expressing high levels of antiapoptotic proteins, namely the Zn finger protein A20 and the antiapoptotic bcl members Bcl-2 and Bcl-X L (7) . Expression of these genes correlated with the absence of inflammation, thrombosis, and endothelial cell death, features seen in rejecting xenografts that lack the expression of A20, Bcl-2, and Bcl-X L in their EC (7) .
The Zn finger protein A20 was originally identified as a tumor necrosis factor (TNF)-inducible gene in human umbilical vein endothelial cells (HUVEC) (8, 9) . We recently demonstrated that A20 has a dual function in EC: protection from apoptosis and downregulation of EC activation through inhibition of the transcription factor NF-κB (10, 11) . However, both expression and function of Bcl-2 and Bcl-X L in EC remain poorly defined (12, 13) . Bcl-2 and Bcl-X L are prototypic celldeath regulators whose function is modulated by complex homo-and heterodimerizations with their proapoptotic homologues such as Bax and/or with other nonrelated molecules such as Raf-1 kinase (14) (15) (16) (17) (18) . Both these proteins confer to cells resistance to a variety of proapoptotic stimuli, including hypoxia, radiation, growth factor withdrawal, and others (19) , but their effect upon TNF-mediated apoptosis is still controversial (20, 21) . TNF is associated with most proinflammatory conditions and is a potent activator of EC both in vivo and in vitro (22, 23) . In this work, we studied the function of Bcl-2 and Bcl-X L in EC. Our results demonstrate that expression of Bcl-2 or Bcl-X L in EC significantly protects the cells from TNF-mediated apoptosis after sensitization with cycloheximide (CHX). In addition, we show that Bcl-2 and Bcl-X L are able to downregulate EC activation independently of the agonist tested through specific inhibition of the transcription factor NF-κB. Inhibition occurs at a level upstream of IκBα degradation and involves stabilization of a slower migrating band that might represent a hyperphosphorylated form of IκBα. Bcl-2 and Bcl-X L share the same function(s) in EC with the nonrelated antiapoptotic molecule A20. Their coexpression in EC of long-term surviving xenografts defines a novel protected pheno-type of EC, whereby these molecules sum their potentials to protect the cell from death and from the untoward effect of EC activation (7) . We suggest that the dual function in EC of Bcl-2 and Bcl-X L (i.e., antiapoptotic and anti-inflammatory, through inhibition of NF-κB) qualifies their cytoprotective role.
Methods
Cell culture and treatment. Bovine aortic endothelial cells (BAEC) were isolated and cultured in DMEM supplemented with L-glutamine (2 mM), penicillin G (100 U/ml), and FCS (10%). Primary cultures of BAEC were used between the fourth and the fifth passage. HUVEC were isolated and cultured as described (24) .The 293 human embryonic kidney cell line was obtained from American Type Culture Collection (Rockville, Maryland, USA) and cultured in 10% FCS-supplemented DMEM. All cells were grown in culture at 37°C in a 5% humid CO 2 atmosphere. EC were stimulated with either 100 ng/ml of LPS from Escherichia coli 0B55 (Sigma Chemical Co., St. Louis, Missouri, USA), 100 U/ml of recombinant human TNF (kind gift of Sandoz Pharmaceuticals, East Hanover, New Jersey, USA), or 5 × 10 -8 M of PMA (Sigma Pharmaceuticals, St. Louis, Missouri, USA).
Lipofection protocol. BAEC (3 × 10 5 per well) were plated in a 6-well plate and transfected when they reached 70% confluence. A total of 1.6 µg of DNA per well (test plasmids and reporter constructs) was added to 8 µg of Lipofectamine (GIBCO BRL, Grand Island, New York, USA), incubated at room temperature for 30 min, and then added to the cells in triplicate. In all experiments, 0.3 µg of the β-galactosidase (β-gal) reporter was used with 0.7 µg of the expression plasmids or the pAC control, and 0.6 µg of the E-selectin, IL-8, IκBα (ECI-6), or NF-κB-luciferase (luc) reporters. For the apoptosis experiments, the newly developed Lipofectamine Plus Reagent (GIBCO BRL) was used according to the manufacturer's instructions to achieve a higher percentage of transfection. In experiments involving the induction of the IκBα reporter by the p65 (RelA) expression vector, 40 ng of p65 was used. For the HIV-wt-chloramphenicol acetyltransferase (HIV-CAT) and HIV∆κB-CAT reporters experiments, 0.5 µg of the expression plasmids (mBcl-2, mBcl-X L, or pAC) were transfected with 0.3 µg of the c-Tat expression plasmid and 0.6 µg of the HIV-CAT, or the HIV∆− κB-CAT reporter along with 0.2 µg of the β-gal reporter.
In all cotransfection experiments, FCS was added to the medium 5 h after transfection to achieve a final concentration of 10%. Forty-eight hours after transfection, the cells were stimulated with either human recombinant TNF (100U/ml), LPS (100 ng/ml), or PMA (5 × 10 -8 M), harvested 7 h later, and assayed for β-gal, luciferase, and CAT.
Human embryonic kidney 293 cells were transfected using the Calcium-Phosphate method. Then 1 µg of the expression plasmids (mBcl-2, mBcl-X L, or pAC), 0.7 µg of IκBα reporter, and 40 ng of p65 (RelA) were added per well.
β-gal, luciferase, and CAT assays. Cellular extracts were assayed for β-gal activity per the Galacto-Light protocol (Tropix Inc., Bedford, Massachusetts, USA). Luciferase activity was assayed by adding 10 µl of cellular extract to 90 µl of a solution containing 24 mM glyclglycine (pH 7.8), 2 mM ATP (pH 7.5), and 10 mM MgSO4. Samples were read on the Microlumat LB 96P luminometer (EG&G Berthold, Wildbad, Germany) using an injection mix consisting of 24 mM glyclglycine and 0.1 mM luciferin (Sigma Chemical Co.). Luciferase activity was normalized for β-gal by using the formula: luciferase activity / β-gal activity × 1,000. Normalized luciferase activity is given in relative light units (RLU). Significance was determined by the Student's t test. The CAT assay was performed for the HIV-wt reporter by means of a standard method using a Promega Kit (Promega Corp., Madison, Wisconsin, USA) according to the manufacturer's recommendation. A portion of the xylene phase was mixed with scintillation liquid and counted in a scintillation counter (1900 TR; Packard Instrument Co., Downers Grove, Illinois, USA).
Reporter constructs. E-selectin reporter. The reporter construct used was described previously (25) . Briefly, it represents bp -1286 to +484 of the porcine E-selectin promoter. This region includes the first complete intron and exon, as well as the beginning of the second exon up to the ATG site. The promoter was cloned into the pMAMneo-luc plasmid vector by replacing the mmTV promoter (CLONTECH Laboratories Inc., Palo Alto, California, USA).
IL-8 reporter. A gift from E. Hofer (VIRCC, Vienna, Austria) represents the human IL-8 promoter linked to the luciferase gene (p-UBT luc).
IκBα reporter. The construction of this reporter has been described previously (26) . It represents a 600-bp fragment of the porcine ECI-6/IκBα promoter ligated into the luciferase expression vector p-UBT (p-UBT-luc), with the creation of an additional HindIII site.
NF-κB reporter. This reporter is a kind gift from A. Palmetshofer (Beth Israel Deaconess Medical Center, Boston, Massachusetts, USA). It consists of four copies of NF-κB elements taken from the porcine E-selectin promoter inserted upstream of a TK minimal promoter driving a luciferase gene. The vector backbone is a Bluescript KS+ plasmid (Stratagene, La Jolla, California, USA).
RSV β-gal reporter. The full-length E. coli β-gal gene (CLON-TECH Laboratories Inc.) was inserted into the pRc/RSV vector (Invitrogen Corp., San Diego, California, USA) at the Not I site. This reporter is not inducible upon stimulation by the agonists used in this paper. Thus, its activity was used to correct for transfection efficiency.
Expression plasmids. The murine Bcl-2 and Bcl-X L cDNA are a kind gift of T. Behrens (University of Minnesota, Minneapolis, Minnesota, USA). The full-length human Bcl-2 is a kind gift of G. Nünez (University of Michigan, Ann Arbor, Michigan, USA), and the deleted forms (∆1, ∆2, ∆3, ∆4, ∆6, ∆8, ∆12) are a kind gift of T.G. Parslow (University of California, San Francisco, San Francisco, California, USA). These cDNA were subcloned in the pAC expression vector. The pAC 8.8-kb plasmid vector contains a CMV promoter, a pUC19 polylinker site, and a SV40 splice/polyA site (a kind gift of R. Gerard, University of Texas Southwestern, Dallas, Texas, USA).
p65. The p65 expression plasmid is a kind gift of J. Anrather (Beth Israel Deaconess Medical Center, Boston, Massachusetts, USA) and represents the human RelA (from amino acid 2 to 551) fused to a NH2-terminal c-myc Tag and cloned into the pcDNA3 expression plasmid (Invitrogen Corp.) at the HindI-II/XbaI polycloning sites.
Recombinant Bcl-2 adenovirus. The human recombinant Bcl-2 adenovirus (Ad.hBcl-2) was generated by Bilbao et al (27) according to the two-plasmid recombination method developed by Graham and Prevec (28) and McGrory et al. (29) . In brief, a 0.7-kb fragment corresponding to the human Bcl-2 cDNA lacking the transmembrane domain was excised from the pGEX-4T-1-hBcl-2 plasmid (kind gift of J. Reed, La Jolla Cancer Research Foundation, La Jolla, California, USA) and subcloned in the shuttle plasmid PCA13 (Microbix Inc., Toronto, Ontario, Canada). The resultant plasmid, pCAhBcl-2, was then cotransfected in 293 cells together with the adenoviral rescue plasmid PJM17 (Microbix Inc.). To reduce the possibility of wild-type virus being produced from a plasmid that contains adenovirus genomic DNA, the pJM17 vector has a plasmid vector sequence inserted in the E1 region that makes the DNA molecule too large to package in an adenovirus particle (30) . Individual plaques of rAd.hBcl-2 were picked approximately 10 days after cotransfection and carried through three additional steps of plaque purification. Identity of the rAd.hBcl-2 was proved by restriction enzyme analysis of genomic DNA and by Western blot analysis of cell extracts from infected cells using the N19 rabbit anti-mouse and human Bcl-2 polyclonal antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA). Furthermore, the presence of the expression cassette in the viral genome was confirmed by DNA sequencing. The rAd.β-gal used as a control adenovirus is a kind gift of R. Gerard (University of Texas Southwestern). Production of rAd was done in the embryonic kidney 293 cell line. Recombinant adenoviruses were subsequently purified by two consecutive cesium chloride centrifugation and titered by limiting dilution on 293 cells.
Cells extracts. Transfected BAEC or HUVEC infected with rAd were harvested in PBS 48 h after transfection or infection and lysed in Ripa buffer (10 mM Tris [pH 7.5], 150 mM NaCl, 1% [vol/vol] Triton X-100, 0.5 µg/ml each of aprotinin, leupeptin, and antipain, 1 µg/ml of pepstatin, and 0.5 mM PMSF) for 20 min at 4°C. Cellular debris were pelleted by microcentrifugation for 20 min at 4°C, and supernatants were recovered and kept at -80°C until assayed. The protein concentration of these cell extracts was evaluated by the Lowry assay (Bio-Rad DC Protein Assay; Bio-Rad Laboratories Inc., Hercules, California, USA)
Immunoblots. Proteins (15-20 µg) were resolved on a reducing 12% SDS-polyacrylamide gel and transferred onto Immobilon-P transfer membranes (Millipore Corp., Bedford, Massachusetts, USA) at 0.8 mA/cm 2 . Membranes were preblocked at room temperature for 1 h in 5% (wt/vol) BLOTTO nonfat dry milk in 0.1% (vol/vol) Tween-20 PBS. Membranes were then labeled for 1 h with a first specific antibody. After four 10-min washings in PBS containing 0.1% Tween-20, membranes were incubated for 1 h at room temperature with secondary donkey anti-rabbit IgG antibody conjugated to horseradish peroxidase (1:3,000 dilution) (Pierce Chemical Co., Rockford, Illinois, USA). Detection was then performed by enhanced chemiluminescence (ECL) using a commercially available kit (Amersham Corp., Arlington Heights, Illinois, USA) according to the manufacturer's instructions.
Murine Bcl-2 (mBcl-2) expression was detected using a 1:500 dilution of a polyclonal rabbit antibody (N-19) directed against the amino acids 4-21 of the murine or human Bcl-2. Human wild-type Bcl-2 and Bcl-2 deletion proteins were detected using a 1:200 mouse monoclonal IgG antibody against Bcl-2 (DAKO Corp., Carpinteria, California, USA) or using the N-19 antibody. Bcl-X L expression was detected with a 1:500 dilution of a polyclonal rabbit antibody raised against the human and mouse Bcl-X S/L . IκBα expression was detected using a rabbit polyclonal antibody (C-21; dilution 1:2,000). All these antibodies were purchased from Santa Cruz Biotechnology.
Flow cytometric analysis of E-selectin and vascular cell adhesion molecule-1 expression. HUVEC were cultured to 90% confluence in 6-well plates and infected at a moiety of infection (MOI) of 100 with either the rAd.hBcl-2, the rAd.β-gal, or noninfected. Thirty-six to 48 h after infection, HUVEC were treated with 200 U/ml of TNF for 4 h (E-selectin expression) and 8 h (vascular cell adhesion molecule-1 [VCAM-1] expression), after which cells were harvested and labeled for surface expression of both adhesion molecules. Approximately 10 5 cells were incubated with 40 µl (1 µg/ml) of mouse anti-human monoclonal antibodies to either E-selectin (CD62E) or VCAM-1 (CD106) (R&D Systems Inc., Minneapolis, Minnesota, USA) or an isotype-matched control monoclonal antibody (IgG 1 ) for 20 min on ice. Cells were then washed and incubated with 40 µl of FITC-conjugated goat anti-mouse IgG (1:300) for 20 min on ice. Surface antigen expression was analyzed with a FACScan bench-top model (Becton Dickinson Immunocytometry Systems, San Jose, California, USA) using Cellquest acquisition and analysis software (Becton Dickinson Immunocytometry Systems). Data were collected from viable cells only as determined by forward-and side-scattered light properties and propidium iodide staining.
Evaluation of apoptosis in a transient-transfection assay. BAEC grown in 6-well plates were cotransfected using Lipofectamine Plus (GIBCO BRL) with 0.5 µg of the reporter plasmid CMVβgal together with 1 µg of the expression plasmids (mBcl-2, mBcl-X L , hBcl-2, and the different hBcl-2 mutants, or the pAC control plasmids). Twenty-four hours after transfection, cells were treated with 2 µg/ml of CHX (Sigma Chemical Co.), or with CHX followed 30 min later by 200 U/ml of TNF. After 12 h incubation with the respective treatments, the cells were fixed with 0.05% glutaraldehyde and stained with 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside for 4 h. BAEC were then visualized by phase-contrast microscopy, and the number of living β-gal-positive cells were evaluated in random 10 high-power fields per well (minimal number of 100 blue cells). Viable or apoptotic cells were distinguished based on morphological alterations of adherent cells undergoing apoptosis, including becoming rounded, condensed, and detached from the dish (31) . The number of blue cells in CHX-treated BAEC and for each given expression plasmid was considered as corresponding to 100% of survival; the percentage of survival in the CHX-TNF-treated wells was calculated relative to that number as described elsewhere (32) . CHX alone does not induce apoptosis in BAEC but sensitizes these cells to TNF-mediated apoptosis.
Results

Expression of Bcl-2 or Bcl-X L in BAEC protects CHX-sensitized cells from TNF-mediated apoptosis.
Expression of murine Bcl-2 and Bcl-X L after Lipofectamine transfection in BAEC was confirmed by Western blot analysis (Fig. 1a) . BAEC transfected with the empty expression plasmid show little expression of Bcl-2 or Bcl-X L (lanes 1 and 3) . In contrast, BAEC transfected with the Bcl-2 or Bcl-X L expression plasmids show high levels of expression (lanes 2 and 4). We then tested whether expression of Bcl-2 or Bcl-X L protected CHX-sensitized EC from undergoing TNFmediated apoptosis.
As described in Methods, BAEC were cotransfected with mBcl-2, mBcl-X L, or pAC expression plasmids together with the CMV-βgal plasmid. After 12 hours of CHX and TNF treatment, the percentage of cell survival was decreased to 3 ± 1% in pAC-transfected cells (Fig. 1b,  lane 2 vs. lane 1) . Overexpression of mBcl-2 or mBcl-X L leads to significant protection: the percentage of cell survival reaches 52 ± 2% and 50 ± 4% in mBcl-2-or mBcl-X L -expressing cells (Fig. 1b, lane 4 vs. lanes 3 and 6 vs. lane 5). These results demonstrate that the antiapoptotic genes bcl-2 and bcl-X L can also interrupt TNF-mediated apoptotic signaling in EC, consistent with those obtained in EC using another bcl family member, A1 (33) .
Expression of Bcl-2 or Bcl-X L inhibits EC activation. The effect of overexpression of murine Bcl-2 or Bcl-X L on the upregulation of proinflammatory genes, which constitute a major part of EC activation, was first tested on the inducibility of an E-selectin reporter. E-selectin is a cellspecific marker of EC activation (34, 35) . BAEC were cotransfected with the porcine E-selectin reporter construct, along with the expression plasmids encoding for mBcl-2, mBcl-X L , or with the control empty plasmid. Bcl-2 or Bcl-X L expression inhibits the induction of the E-selectin reporter in a dose-dependent manner (Fig. 2, a  and b, lanes 6-10) . Stimulation of the E-selectin reporter with 100 U/ml of TNF leads to a threefold induction of the corrected luciferase activity. Transfection of BAEC with mBcl-2 or mBcl-X L expression plasmids in amounts ranging from 0.25 µg to 0.7 µg/5 × 10 5 BAEC leads to a significant inhibition of this reporter activity. The inhi-bition is significant at doses of 0.5 µg and higher for mBcl-2 (Fig. 2a, lanes 8 and 9 vs. lane 6; P < 0.03, P = 0.02, respectively) and at 0.6 µg for Bcl-X L (Fig. 2b, lane 9 vs. lane 6; P = 0.008). Inhibition is complete at 0.7 µg for either Bcl-2 or Bcl-X L compared with the basal levels detected in the nonstimulated cells (Fig. 2, a and b , lane 10 vs. lane 1). These results demonstrate that expression of Bcl-2 and Bcl-X L in EC not only protects from TNF-mediated apoptosis but also downregulates TNF-mediated EC activation as evaluated by analysis of the E-selectin reporter activity.
The inhibitory effect of the bcl genes was associated not only with activation of EC by TNF but also by LPS and PMA. Stimulation by LPS (100ng/ml) or PMA (5.10 -8 M) of pAC-transfected BAEC leads to seven-and twofold induction of the E-selectin reporter activity, respectively (Fig. 2, a  and b, lanes 11 and 16 vs. lane 1) . Similar to the observation with TNF, expression of either Bcl-2 or Bcl-X L inhibits E-selectin reporter activity in a dose-dependent manner (Fig. 2, a and b, lanes 12-15, [17] [18] [19] [20] . This inhibition is complete when 0.7 µg of the given expression plasmid was used.
The inhibitory effect of Bcl-2 and Bcl-X L is also seen with other proinflammatory genes that are upregulated with EC activation. Reporters comprising the promoters of porcine IL-8 and IκBα (ECI-6) linked to the luciferin gene were tested in cotransfection experiments along with 0.7 µg of mBcl-2 or mBcl-X L expression plasmids (previously established as the optimal inhibitory amount). Expression of Bcl-2 or Bcl-X L inhibited the activity of the two reporters after stimulation with either TNF, LPS, or PMA (Fig. 2, c and d) . The luciferase activity of the IL-8 reporter, when cotransfected with pAC alone, increases 1.7-, 2.8-, and 1.8-fold after stimulation with TNF, LPS, or PMA, respectively (Fig. 2c, lane 1 vs. lanes 4, 7, and 10) . Expression of Bcl-2 or Bcl-X L completely inhibited the inducibility of the IL-8 reporter by TNF, LPS, and PMA (lanes 5, 6, 8, 9, 11 , and 12 vs. lane 1). The same results were obtained when the porcine IκBα reporter is cotransfected along with Bcl-2 or Bcl-X L (Fig. 2d) . Induction of the IκBα reporter activity after stimulation with TNF, LPS, and PMA reached 1.7-, 2.8-and 1.8-fold, respectively. Overexpression of Bcl-2 or Bcl-X L led to significant inhibition of reporter activity after TNF (lanes 5 and 6; P < 0.03), LPS (lanes 8 and 9; P < 0.04), or PMA stimulation (lanes 11 and 12; P = 0.0002). Taken together, these results indicate that both Bcl-2 and Bcl-X L serve a new function in the EC (i.e., inhibition of EC activation) and that this function is independent of the agents tested.
Bcl-2 or Bcl-X L inhibits the activation of NF-κB without affecting p65-mediated transactivation. We and others have shown that the induction of many proinflammatory genes that are upregulated upon EC activation is transcriptionally regulated and depends on NF-κB (3, 5, 26, 36) . Our results demonstrating that the induction of 3 NF-κB-dependent genes (E-selectin, IL-8, and IκBα) is inhibited by the expression of Bcl-2 or Bcl-X L prompted us to investigate whether inhibition relates to blockade of activation of NF-κB. BAEC were cotransfected with a reporter construct dependent only on NF-κB for its activation and mBcl-2, mBcl-X L expression plasmids, or the empty vector, pAC (0.7 µg). In pAC-transfected BAEC, the induction of the NF-κB reporter reached 24-and 52-fold after TNF and LPS stimulation, respectively (Fig. 3a,  lanes 4 and 7 vs. lane 1) . In Bcl-2-transfected BAEC, the induction of the NF-κB reporter activity decreased by 71.3% after TNF (Fig. 3a, lane 5 vs. lane 4; P = 0.006) and by 78.3% after LPS stimulation (Fig. 3a, lane 8 vs. lane 7; P < 0.001). Similarly, Bcl-X L expression in BAEC inhibits the inducibility of the NF-κB reporter by 79.5% after TNF (Fig. 3a, lane 6 ; P = 0.01) and by 61% after LPS stimulation (Fig. 3a, lane 9 ; P < 0.001). In addition, expression of Bcl-2 or Bcl-X L abrogates the 5.6-fold induction of the NF-κB reporter after stimulation with PMA (Fig. 3b , lanes 5 and 6 vs. lane 4; P = 0.001).
A recent report by Grimm et al. (37) demonstrated that expression of Bcl-2 in 293 cells inhibits NF-κB activation.
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The These authors showed that overexpression of Bcl-2 in 293 cells did not prevent IκBα degradation but rather downmodulated the transactivating potential of nuclear p65. To test whether Bcl-2 and Bcl-X L would also affect p65-mediated transactivation in EC, we cotransfected BAEC with the Bcl-2 or Bcl-X L expression plasmids, or the empty vector pAC together with the p65-dependent IκBα reporter. Expression of this reporter was then induced by cotransfection with a p65 expression plasmid. The IκBα reporter activity in pAC-transfected cells was increased 53-fold (Fig.  3c, lane 2) . This induction was not inhibited by expression of Bcl-2 or Bcl-X L, which showed 68-and 74-fold induction, respectively (Fig. 3c, lanes 4 and 6) . Thus, the inhibitory effect of Bcl-2 or Bcl-X L expression upon p65-mediated transactivation does not occur in EC as opposed to 293 cells, a result that we reproduced in our system (Fig. 3d) . The difference could be explained by our use of primary cell cultures as opposed to the 293 cell line or could indicate cell-type specific function of the bcl genes.
Bcl-2 inhibits NF-κB activation at a level upstream of IκBα degradation.
To determine the level at which Bcl-2 expression acts upon activation of NF-κB, a recombinant replication deficient human Bcl-2 adenovirus was generated as described. HUVEC were either noninfected or infected with rAd.hBcl-2 or rAd.β-gal at a MOI of 100, which usually leads to >90% of expression of the transgene in HUVEC (38) . Expression of the transgene (human Bcl-2) was evaluated by Western blot analysis of total cell extracts recovered 48 hours after infection (Fig. 4a, lane  3) . In a first set of experiments, we confirmed that Bcl-2 retained its ability to inhibit EC activation in human cells. HUVEC were either noninfected or infected with rAd.hBcl-2 or rAd.β-gal. Forty-eight hours after infection, cells were treated with 200 U/ml of TNF, and both Eselectin and VCAM-1 surface expression was evaluated at four and eight hours after treatment, respectively. FACS analysis shows that overexpression of Bcl-2 significantly decreased TNF-mediated upregulation of E-selectin (Fig.  4b) and almost totally abrogated VCAM-1 upregulation (Fig. 4c) . In addition, the impact of Bcl-2 upon IκBα degradation after TNF was also evaluated. Again, noninfected, rAd.Bcl-2, or rAd.β-gal-infected HUVEC were treated with 200 U/ml of TNF, and cell extracts were recovered 15 minutes and two hours after TNF stimulation. These extracts were evaluated by Western blot analysis for IκBα expression. We demonstrate that overexpression of Bcl-2 in EC inhibits IκBα degradation by mainly stabilizing the slower migrating form of IκBα (Fig. 4d,  lane 5 vs. lanes 2 and 8) . The modest decrease of IκBα that follows TNF treatment in Bcl-2-expressing HUVEC might relate to the small percentage of cells not expressing the transgene. This data establishes that Bcl-2 inhibits NF-κB activation upstream of IκBα degradation.
Expression of Bcl-2 or Bcl-X L in EC does not affect the transcription factor Sp1. To rule out nonspecific or toxic effects of Bcl-2 or Bcl-X L expression upon the whole transcriptional machinery, NF-κB-independent induction of genes was examined. BAEC are cotransfected with the Bcl-2, Bcl-X L, or pAC expression plasmids together with HIV-CAT or HIV ∆κB−CAT reporters. Induction of the HIV-CAT reporter by the viral protein c-Tat is dependent upon the Sp1 binding sites of the HIV-LTR promoter and (Fig. 5) . To further confirm that the presence in the wild-type HIV reporter of two κB binding sites did not interfere with its induction by c-Tat, a similar experiment was performed with the HIV ∆κB-CAT reporter that is deleted from its κB binding sites. The results obtained were similar to those achieved using the wild-type reporter (data not shown), establishing that the transactivation property of the Sp1 transcription factor is not altered by Bcl-2 or Bcl-X L expression.
The bcl homology domains BH2 and BH4 are required for the inhibitory effect of Bcl-2 upon NF-κB activation in EC, whereas all BH domains are necessary for the antiapoptotic effect of Bcl-2. To test whether the inhibitory effect of Bcl-2 upon NF-κB activation is associated with any of the described bcl homology domains, several human Bcl-2 deletion mutants were coexpressed together with the NF-κB reporter. Deletion of BH1, BH2, BH3, BH4, and the recently described negative regulatory domain (NRD) were included ( Table 1) . Expression of each of the mutants after transfection of BAEC was confirmed by Western blot analysis (Fig. 6a) . The ability of these mutants to inhibit NF-κB activation was evaluated after stimulation with TNF and LPS. Bcl-2 mutants lacking BH4 (∆1) or BH2 (∆12) were no longer able to inhibit NF-κB activation (Fig. 6b, lanes C2-3 and G2-3 vs. lane B2-3) . Additionally, expression of ∆1 (lane C1) or ∆12 (lane G1) leads to a significant increase in the basal luciferase activity of the NF-κB reporter compared with control (lane A1). Although still able to inhibit TNF-and LPS-mediated NF-κB activation, deletion of the BH3 domain (∆4) led to significantly less inhibition than that achieved by wild-type Bcl-2 ( lanes E2-3 vs. lanes B2-3) . In contrast, deletion of BH1 (∆8) or the newly described NRD (∆2) did not affect the ability of Bcl-2 to inhibit EC activation upon TNF and LPS stimulation (Fig. 6b, lanes  F2-3 and D2-3 vs. lanes B2-3) .The impact of the different Bcl mutants upon TNF-mediated apoptosis was also evaluated as described previously. Results demonstrate that all BH domains, as well as the NRD, are required to maintain the antiapoptotic function of Bcl-2 (Fig. 6c) . The percentage of surviving EC after CHX and TNF treatment was comparable between the control pAC and all the Bcl-2 mutant-transfected cells (6%-13% of the transfected cells). In contrast, 55% cell survival was achieved in cells expressing the full-length hBcl-2 (Fig.  6c) . Taken together, these results indicate the absence of a complete overlap between the Bcl-2 domains required for protection from apoptosis and those necessary for inhibition of NF-κB activation.
Discussion
Programmed cell death or apoptosis of EC can occur in vivo and has recently been involved in the pathogenesis of certain pathological conditions, including vasculitis, atherosclerosis, and graft rejection (7, (40) (41) (42) . Different
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The stimuli can trigger apoptosis in cultured EC, including growth factor deprivation, hemorrhagic snake venom, inhibition of anchorage-dependent cell spreading, and proinflammatory molecules, i.e., LPS and TNF (43) (44) (45) (46) (47) . TNF is a potent proinflammatory cytokine always detected at sites of inflammation. One of the functions of TNF is to trigger a pathway leading to programmed cell death. This function has been mapped to a specific cytoplasmic domain within the TNF-R type I protein (p55 TNF-R) that associates with a spectrum of newly defined molecules, including TRADD, FADD/MORT1, and MACH/Flice-1; the latter links TNF stimulus to death effectors (48) (49) (50) . Although TNF-RI is expressed on EC and plays a crucial role in the acquisition by EC of a proinflammatory phenotype by activating NF-κB, these cells are highly resistant to TNF-mediated cell death (51) . This resistance can be modulated by the addition of RNA or protein synthesis inhibitors such as CHX (52) . We demonstrate that two antiapoptotic genes, bcl-2 and bcl-X L, extensively studied in other cell types, also interrupt the cell-death pathway initiated by TNF in CHX-sensitized EC. Although Bcl-2 and Bcl-X L were described for their ability to counteract a number of proapoptotic programs, including protection of murine aortic endothelial cells from growth factor withdrawal (53), their effect upon TNF-mediated apoptosis is still questioned (14) and has not yet been evaluated in EC. Our data concur with recent results showing that A1, a bcl-2 homologue, protects EC from TNF-mediated apoptosis (33) .
In addition, we demonstrate that the function of Bcl-2 and Bcl-X L in EC is not limited to their antiapoptotic potential. Our data establishes that both Bcl-2 and Bcl-X L Figure 4 (a) Adenoviral-mediated gene transfer of Bcl-2 to HUVEC achieves high levels of expression of the transgene. (b) Bcl-2 expression inhibits Eselectin, and (c) VCAM-1 inhibits upregulation by inhibiting NF-κB activation at (d) a level upstream of IκBα degradation. (a) 90%-confluent HUVEC monolayers were either noninfected or infected with the control rAd.β-gal or the rAd.hBcl-2 at a MOI of 100. Forty-eight hours after infection, cell extracts were recovered, and 1.5 µg of protein was run on a SDS-PAGE and checked by Western blot analysis for the expression of the transgene using a rabbit polyclonal anti-human Bcl-2 antiserum. Results show high levels of expression of Bcl-2 in HUVEC infected with the rAd.hBcl-2 (arrow). (b and c) Expression of Bcl-2 in HUVEC significantly decreases TNF-mediated upregulation of E-selectin and VCAM-1 as assessed by flow cytometry. In all cases, E-selectin and VCAM-1 expression levels on nonstimulated HUVEC is represented by a light line, expression after TNF treatment is shown by a dark line, and labeling of an isotype-matched control monoclonal antibody is illustrated by a broken line. (d) Western blot analysis of IκBα expression after TNF treatment. Extracts from noninfected (lanes 1-3), rAd.hBcl-2 (lanes 4-6) , and rAd.β-gal (lanes 7-9) were recovered before and 15 min and 2 h after TNF treatment, and assayed for IκBα expression. Results show that Bcl-2 expression in HUVEC inhibits the usual IκBα degradation that occurs 15 min after TNF stimulation (lane 4 vs. lanes 2 and 8) . A second, slower migrating form of IκBα is strongly stabilized in the Bcl-2-expressing EC. HUVEC, human umbilical vein cells; MOI, moiety of infection; VCAM-1, vascular cell adhesion molecule-1.
are involved in a complex regulatory network that serves to downregulate EC activation and its associated gene upregulation. We show that expression of Bcl-2 or Bcl-X L in BAEC inhibits the activation of reporter constructs, including promoters of E-selectin, IL-8, and IκBα used as readouts for EC activation. Although inducibility of these three markers is highly dependent upon activation of NF-κB, additional transcription factors can interfere with their upregulation; e.g., c-jun together with activating transcription factor (ATF-2) and cyclic AMP-related element binding (CREB) can synergize with NF-κB for the upregulation of E-selectin and IL-8, respectively (54) (55) (56) . By showing that the expression of Bcl-2 or Bcl-X L inhibits the upregulation of the activity of a reporter solely dependent upon NF-κB for its induction, we demonstrate that blockade of EC activation by Bcl-2 and Bcl-X L relates to the inhibition of the transcription factor NF-κB. The downregulatory effect of Bcl-2 and Bcl-X L upon EC activation is not limited to stimulation with TNF but applied to all stimuli tested. This agonist-independent inhibitory effect upon activation of NF-κB establishes the broad inhibitory potential of the bcl genes in EC. The novel dual role that we describe for bcl-2 and bcl-X L in EC (i.e., protection from apoptosis and blockade of activation through inhibition of NF-κB) parallels our recent findings with the non-bcl-related antiapoptotic A20 protein (10, 11) , suggesting that in EC, cell-death regulators interfere with NF-κB activation.
We further show in this paper that the inhibitory effect of Bcl-2 upon NF-κB activation relates to stabilization of IκBα, mainly of a slower migrating form. This slower migrating form of IκBα is already seen before the addition of TNF in Bcl-2-expressing EC and is no longer degraded upon TNF stimulation. The identity of this IκBα band, which might constitute a hyperphosphorylated form of the protein, will help to give insights into the precise effect of Bcl-2 expression on IκBα. Experiments are currently designed to check whether this form corresponds to a hyperphosphorylated form of IκBα and to map these phosphorylation sites. This effect of the bcl genes (i.e., inhibition of NF-κB activation in EC at a level upstream of IκBα degradation) is demonstrated for the first time and confirms the data of Lin et al. (57) , showing that Bcl-2 expression inhibits simian virus-induced NF-κB activation by inhibiting translocation of NF-κB to the nucleus. Our data, however, contrasts with other reported bcl-mediated inhibitory mechanisms upon NF-κB activation, i.e., inhibition of p65-mediated transactivation (37) or decrease of nuclear levels of the transactivator RelA (p65)/p50 heterodimers to the advantage of the transinhibitor p50/p50 homodimers (58) . The situation is even more complex than in other cell types: Bcl-2 or Bcl-X L expression either has no effect on NF-κB (L929, MCF-7 breast carcinoma cell line, and Jurkat T cells) (59) (60) (61) (62) or restores the transactivating potential of NF-κB, as in HeLa cells activated by Fas (63) . Our data are the first reported in primary cells. This novel NF-κB inhibitory function of the bcl genes could relate either to differences between primary cells and tumor cell lines or alternatively could qualify as cell type-specific function of the bcl genes.
The molecular basis of the inhibitory effect of Bcl-2 or Bcl-X L upon NF-κB activation is still not defined. However, two of the already established functions of these bcl genes could explain the inhibitory effect: their protease inhibitor and antioxidant potentials (64, 65) . Proteolysis of IκBα in the proteasome that follows its phosphorylation and ubiquitination is an obligatory step for activation of NF-κB (66-68). White and Gilmore (69) have recently identified an interleukin-1β converting enzyme (ICE)-like consensus site within the IκBα protein and suggested that an ICE-like protease activity could be one of the pathways involved in the proteolysis of IκBα. Because Bcl-2 and Bcl-X L exert their antiapoptotic function by inhibiting proteolytic cleavage of the ICE/ced-3 cysteine proteases (65) , it is tempting to speculate that they would also inhibit an ICE-like protease involved in the proteolysis of IκBα in EC, which would explain the accumulation of an eventually hyperphosphorylated form of IκBα. An alternative mechanism relies on the described antioxidant function of Bcl-2 (64). We and others have shown that antioxidants, mainly belonging to the thiol group, are potent inhibitor of NF-κB activation and that this inhibition, like the one achieved by Bcl-2, occurs at an early step upstream of IκBα degradation (36, 70) .
The bcl genes could also indirectly interrupt the pathway leading to activation of NF-κB by interfering with key signal transducers. Bcl-2 has been shown to interact physically with molecules such as p21Ras, p23Rras, calcineurin, and Raf-1 kinase (71) (72) (73) (74) . Interaction between Bcl-2 and Raf-1 targets this kinase to the mitochondrial membrane and enhances the antiapoptotic effect of Bcl-2. This interaction requires the BH4 domain of Bcl-2 (75). Raf-1 kinase is an early mediator involved in multiple signaling pathways (TNF, LPS) acting at a level downstream of Ras and upstream of mitogen-activated kinase (MAPK) (76, 77) . Cross-talk between MAPK and NF-κB signaling pathways is still debated; however, Raf-1 kinase interaction with Bcl-2 could be of some relevance in the pathway leading to IκBα phosphorylation
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The and degradation (78, 79) . We demonstrate that deletion of the BH4 domain of Bcl-2 abrogates its inhibitory effect upon activation of NF-κB, which argues for a potential involvement of Raf-1 kinase in Bcl-2-mediated inhibition of NF-κB activation. In addition to these hypotheses, our findings showing that expression of Bcl-2 in HUVEC stabilizes a lower (potentially hyperphosphorylated) form of IκBα might yet relate to a novel function of Bcl-2 that can modify IκBα. For instance, Bcl-2-mediated modification of IκBα could prevent its phosphorylation at the specific serine residues, alter adequate ubiquitination, or enhance its resistance to degradation. These hypotheses are currently being tested. Our data also show that Bcl-2 or Bcl-X L specifically interrupts activation of NF-κB without affecting another tested transcription factor, i.e., Sp1. We demonstrate that the c-Tat-driven Sp1 HIV reporter is not altered by Bcl-2 or Bcl-X L expression in EC (39) . Recent data from Linette et al. (61) showed that in T cells, Bcl-2 expression specifically impairs the transactivation properties of the nuclear factor of activated T cells (NFAT) without affecting other transcription factors, i.e., AP-1, NF-κB, and OCT-1. These data suggest that Bcl-2 and Bcl-X L have different transcriptional targets depending on the cell type studied.
Bcl-2 family members can either promote or protect from cell death. A feature of these proteins is their ability to homo-or heterodimerize through the conserved Bcl-2 homology domains BH1, BH2, BH3, and BH4 (14, 17, 80, 81) . Heterodimerization of Bcl-2 or Bcl-X L with their proapoptotic partners Bax, Bak, and Bcl-X S seems to determine the life-death decision of a cell, although some controversies remain (82) (83) (84) . Our experiments probe whether interaction with Bax is equally as important for the inhibitory effect of Bcl-2 upon NF-κB activation as for regulation of apoptosis. Mutagenesis studies showed that both BH1 and BH2 are required for Bcl-2 to heterodimerize with Bax (85). Our results indicate that in EC, a Bcl-2 mutant lacking the BH1 domain is still able to inhibit NF-κB activation, whereas deletion of the BH2 domain abrogates this function. This result indicates that interaction between Bcl-2 and Bax is either not required for Bcl-2 function in EC or that only BH2 is necessary in EC to interact with Bax. Having mapped the inhibitory function of Bcl-2 on NF-κB activation to the BH4 and BH2 domains of the molecule, we are currently investigating which proteins in EC interact with these domains to sustain this novel bcl function.
In contrast with the specific mapping of the Bcl-2 inhibitory effect upon NF-κB activation to BH2 and BH4, all BH domains, as well as the NRD of Bcl-2, were required for protection from apoptosis. This result indicates that the Bcl-2 motifs required for the anti-inflammatory function (BH2, BH4) are also necessary for its antiapoptotic function, but not vice versa; indeed, certain motifs are indispensable for the antiapoptotic function (BH1, BH3, NRD) but have no impact upon the anti-inflammatory function. Our data does not rule out that a unique cellular target interacting with BH2 and BH4 could account for both functions of Bcl-2; this query is being investigated.
From a basic point of view, we demonstrate that Bcl-2 and Bcl-X L play a major protective role in EC by blocking -3), ∆1 (lanes C1-3), ∆2 (lanes D1-3), ∆4 (lanes  E1-3), ∆8 (lanes F1-3) , and ∆12 (lanes G1-3). Cells were stimulated with 100 U/ml TNF (lanes 2) or 100 ng/ml LPS (lanes 3) Overexpression of ∆2, ∆4, or ∆8 inhibits the induction by TNF or LPS of a NF-κB reporter, in contrast to ∆1 or ∆12. Graph shown is representative of four experiments. Results are expressed in RLU. Error bars represent ± SE. (c) BAEC were cotransfected with a CMVβ-gal reporter (0.5 µg) and 1 µg of pAC (lanes 1 and 2), hBcl-2 (lanes 3 and 4), ∆1 (lanes 5 and 6), ∆2 (lanes 7 and 8), ∆4 (lanes 9 and 10), ∆8 (lanes 11 and 12), ∆12 (lanes 13 and 14) . CHX was added to transfected cells (all lanes) that were subsequently stimulated (even lanes) or not (odd lanes) with TNF for 12 h . The percent cell survival was calculated as described in Methods. Results demonstrate that all the Bcl-2 deletion mutants lose their ability to protect EC from CHX-TNF mediated apoptosis. Error bars represent ± SE. Graph shown is representative of three experiments. NRD, negative regulatory domain.
TNF-mediated apoptosis in addition to inhibiting EC activation through blockade of NF-κB activation. The mechanism by which inhibition of NF-κB is accomplished (i.e., stabilization of IκBα) is novel.
From a therapeutic standpoint, blockade of NF-κB has been suggested as a means of preventing proinflammatory consequences of EC activation implicated in different pathologies, including allograft and xenograft rejection (4, 86) . Bcl-2 and Bcl-X L represent prime candidates for genetic engineering of EC to achieve this purpose. In support of this approach is our data showing that expression of Bcl-2 and Bcl-X L in EC of long-term surviving xenografts is associated with the absence of apoptosis, inflammation, and atherosclerosis, whereas they are not expressed in EC of rejecting xenografts (7) . Although indirect, these results further argue for their protective and broad anti-inflammatory potential in vivo as well as establish the safety of their use.
